Abstract: Shenzhen is China's top ten clean air city and the cleanest air megacity. Even so, epidemiologic studies have shown ambient air pollution had significant adverse impacts on human health in this less polluted city. In this study, the concentrations of six criteria air pollutants (PM2.5, PM10, O3, NO2, SO2, and CO) from 2014 to 2017 were analyzed and compared to thresholds of both national and international air quality standards. The results showed concentrations of all air pollutants were below target values of current national air quality standard, but levels of particulate matter (PM) and O3 were still much higher than the recommended levels by the World Health Organization. Within national air quality standards, the number of over-limit days was rare with few variations between highly polluted and low pollution areas. The air quality improvement was slowing down recently. Our results suggest annual and daily thresholds for PM are too loose for air quality improvement in Shenzhen. Hence, we call for evaluation and establishment of tougher air quality standard.
Introduction
Although China's rapid economic growth and urbanization process have reduced the proportion of people living in poverty from 1981 to 2004 from 64% to 10% [1] , increasing energy consumption and emissions of air pollutants from burning fossil fuels have produced widespread air pollution issues, especially in large cities [2−6] . Degradation of air quality is associated with increased mortality and morbidity as well as health damage to ecosystems [7, 8] . More than one-third of the Chinese population suffers from unhealthy air, killing about 1.6 million people each year [9] .
Economic losses related to air pollution are equivalent to $112 billion in 2005 [4] . Deterioration of air quality has hindered the sustainable development of China's economy [10] .
Air quality standard was developed by the Ministry of Environmental Protection of China (renamed as the Ministry of Ecological Environment of China (MEE)) to tackle air pollution. China's ambient air quality standard GB 3095 was formulated in 1982, revised and introduced PM10 in 1996, tightened in 2000, and most recently amended and included PM2.5 in 2012 [11] . The latest GB 3095-2012 defines two levels of concentration thresholds. Grade-I is tight and applied in less populated areas such as nature reserves, scenic spots, and other protected areas. Grade-II is loose and used in more populated areas such as residential, mixed commercial and traffic areas, cultural/industrial, urban and surrounding rural areas. Correspondingly, China's air quality index (AQI) system is used to inform urban residents about air pollution status and its impacts on health every day, referencing Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 October 2018 doi:10.20944/preprints201810.0101.v1
higher pollution thresholds than the United States AQI system [12] . In order to achieve true 'clean'
and 'safe' air, China will have to adopt stricter air quality standard sooner or later, preferably earlier.
Shenzhen was set up as China's first Special Economic Zone (SEZ) in 1980 and developed from a small fishing village to a megacity in less than three decades. Since vehicles are a major emission source in cities, great efforts have been made in controlling traffic emissions by transportation energy reform [13, 14] . Shenzhen became the world's first city to electrify 100% of public buses at the end of 2017 and will electrify all taxis by the end of 2020 [15] . Government policies also prompt the popularity of clean fuel vehicles such as gasoline, hybrids, and electric vehicles [16] . According to China's annual air quality report from 2014 to 2017, Shenzhen is China's top ten clean air city and the cleanest air megacity [17] , paradoxically, epidemiologic studies showed significant adverse health effects associated with air pollution [18−22] .
The objective of this work was to investigate the air pollution situation in Shenzhen by comparing air pollutant concentrations to both national and international air quality standards. The spatial pattern and interannual variability of air pollution from 2014 to 2017 were analyzed for similarities and differences with regard to different air quality standards. From the perspective of human health protection and effective air quality management, the possibility of adopting more stringent air quality standard in Shenzhen was discussed.
Materials and Methods

Study area and sites
Shenzhen (113°46´−114°37´E; 22°27´-22°52´N) is located immediately north of Hong Kong and has a subtropical oceanic climate with an administrative area of 1997.27 km 2 (see Figure 1 ). China's first special economic zone (SEZ) was set up in Shenzhen in 1980, covering only four districts (Luohu, Futian, Nanshan, and Yantian). As shown in Figure 1 , the area of the original SEZ is located within Table 1 .
According to the technical regulation of selection of ambient air quality monitoring stations (HJ 664−2013), urban assessing stations are set up for the purpose of monitoring the overall and changing trends of urban air quality. The location should not be near traffic intersections or major industrial sources of pollution, and should also be kept at an adequate distance from any other emitting sources. 
Methods
Kolmogorov-Smirnov test, histogram plot, and Q-Q plot were used to examine the normality of air pollutant records. The results showed that most of the air pollutants were not normally distributed.
Therefore, most of our statistical analyses were based on nonparametric methods. Hourly data were summarized as 8-h, daily, and annual concentrations. Only sites with more than 75% of the possible hours were included in the analysis. R software was used to perform statistical analyses and plot the figures [23, 24] .
The concentration thresholds of multiple air quality standards were listed in Table 2 . The current national air quality standard for air quality regulation in urban areas is Grade-II of Chinese Air Quality Standards (CAAQS). Grade-I of CAAQS, European Union air quality standard (EUAQS), interim target-2 (IT2) and target-3 (IT3), and air quality guideline (AQG) of the World Health
Organization (WHO) were also used for comparison [7] [8] 25] . The WHO interim target-1 had the same daily and annual thresholds for PM2.5, PM10, and O3 as the Grade-II of CAAQS so was not listed in 
*Number inside the brackets are the permitted exceedances (days/hours) each year by EUAQS.
Results and discussion
Spatial variations of air pollutants
The annual concentrations of PM2.5, PM10, O3, NO2, SO2, and CO in each district of Shenzhen were summarized in Figure 2 . The exceeding rates for the four major air pollutants (PM2.5, PM10, O3, and NO2) were presented in Figure 3 . The exceeding rates were rare for all air pollutants in all districts based on daily limits of national air quality standard, the highest exceeding rate for PM2.5 was 7.2% in Bao'an. The highest exceeding rate for PM10 was 3.9% in Pingshan. Within this standard, no violated days were found for PM10 in Yantian and Dapeng. The exceeding rates for O3 were generally higher than PM levels, and the highest rate was 13.1% in Longhua district. The daily limits for NO2 were only defined in CAAQS, the highest exceeding rate was in Bao'an of 5.3%. Dapeng, Yantian, and Longgang were all <1%.
The exceeding rates were much higher under other air quality standards. More detailed daily limits for PM control were defined by WHO interim target-2 and target-3. As for WHOIT2, the exceeding rates were all higher than national Grade-II. The exceeding rates for PM2.5 were also highest in Bao'an of 26% and highest in Pingshan of 19% for PM10. As for WHOIT3, the exceeding rates for PM2.5 and PM10 were both highest in Bao'an of 45% and 38%, respectively. The number of exceedances was above-permitted exceedances of EUAQS in all districts. Air pollution status was worst under WHOAQG, especially for PM pollution. Seven districts had > 50% of days per year exceeding the annual limits for PM2.5 of which Longhua had the highest of over 70%. Five districts had >50% of exceeding rates with the highest in Pingshan of 65%. As for O3, the exceeding rates varied from 26%
to 46% with the highest in Longhua. 
Interannual variations of air pollutions
Limited by the length of the observation period, the variations of air pollutants over time were made by Wilcoxon signed-rank test by comparing observations from consecutive monitoring stations between any two years (see Table A1 ). As shown in Figure 4 , the concentration of PM2. 
Air Pollutants Exceeding Standard Levels
The arithmetic means and number of annual over-limit days of PM2.5, PM10, O3, NO2, SO2, and CO under different air quality standards were shown in Table 3 . The air pollution status was less severe under current national air quality standard. All air pollutants were below annual limits and the over-limit days were rare. O3 had the most number of over-limit days of 24 days per year which is slightly more than other air pollutants. For all other air quality standards which had tougher limits for PM and O3, the over-limit days were greatly elevated. The number of over-limit days were most under WHOAQG with about 215, 170, and 128 days per year failed to meet the target value for PM2.5, PM10, and O3, respectively. Table 3 . Average concentrations and number of annual over-limit days under different air quality standards.
The units for average concentrations of PM2.5, PM10, O3, NO2, and SO2 are µg/m 3 , where for CO is mg/m 3 . It is worth noting that, the over-limit days of O3 were more than PM2.5 and PM10 under national Grade-II but less under EUAQS and WHOAQG, indicating the current national air quality standard was loose in PM regulation. As shown in Figure 5 , the concentrations of PM were much higher than the national target values in northern areas e.g., Beijing and the whole Jing-Jin-Ji (JJJ) area. Shanghai and the whole Yangtze River Delta Region (YRD) had lower levels of air pollutants than northern cities. The Pearl River Delta region (PRD) is the most clean economic vibrant regions in China, the average concentrations of air pollutants were lower than JJJ and PRD regions. Guangzhou and Shenzhen were two megacities in PRD, the concentration of air pollutants in Shenzhen were lowest among all megacities and economically vibrant regions. 
Discussion
The concentrations of most air pollutants showed spatial variations, indicating emission sources were unevenly distributed. The air quality in Yantian and Dapeng were better than other districts, possibly linked to their smaller population. Similar to previous studies, air pollution was mainly worse in non-SEZ districts [18, 26] . The higher concentrations of air pollutants in non-SEZ districts are probably caused by larger local emissions. Non-SEZ districts were designated to be the main industrial center of Shenzhen since the master plan of Shenzhen 1996-2010 [27] . Construction pollution is also a major source of PM emissions [28] . Recent rapid urbanization is mainly taking place in non-SEZ districts due to large areas of open land at a lower land price [27, 29] . In particular,
Bao'an, the largest population district, newly increased areas of land were largely from reclaiming from the sea [29] .
Traffic is a major source of NO2 emissions in urban areas [30] . Our results showed NO2 were generally higher in SEZ districts due to higher population and traffic density. Bao'an also had high NO2 concentrations which may be caused by its large pollution and its location adjacent to the SEZ districts. NO2 levels have been lowered over time, possibly linked to the traffic energy reform in Shenzhen and the national NOx regulation measures [14] [15] 31] . Meanwhile, O3 concentrations are increasing which are probably caused by lowered NOx titration effects in a VOC limited urban environment. Great challenges remain in controlling O3 in Shenzhen [31] .
The concentrations of all air pollutants in Shenzhen have met current national annual target values. The thresholds for PM and O3 of national air quality standard are inherited from WHO's interim target-1 (IT1). Those values are associated with about 15% of long-term mortality risk compared with the AQG level [7] . PM2.5, PM10, and O3 are still higher than annual limits of other tougher air quality standards except for the concentration of PM10 are very close to limit of WHOIT2, meaning that the risk for premature mortality has been lowered approximately 6% relative to IT1
level. In general, PM and O3 levels in Shenzhen are still not safe for human health which explains reported mortality and morbidity caused by air pollution in this less polluted city [18−22] .
The daily limits of current national air quality standard for PM are too loose for efficient air quality management in Shenzhen. The number of over-limit days was rare under current national standards, especially for the PM. The few variations among districts indicate weak discrimination between highly and lowly polluted districts. The over-limit days were much more under other air quality standards, and the violation rates were much higher in the non-SEZ districts. The Our results have shown that Shenzhen's air quality is much better than China's other megacities and economically vibrant regions. Besides that, the concentrations of PM are also lower than other major cities in western and northwestern of China like Chengdu and Lanzhou [32, 33] . The annual target values for PM regulation have been greatly pulled up by China's heavily polluted cities and are lack of proper guidance for Shenzhen. As a matter of fact, the PM levels were comparable with cities in Poland and northern Italy [8] . The PM2.5 and PM10 levels of the two districts Yantian and Dapeng are already below or close to EU's reference line. Hence, EU's limits for PM regulation is practical reference value for air quality control in Shenzhen.
Air quality standard is vital in guiding air pollution controls. The status of nonattainment will put great pressure on local government to make more strict control measures in order to meet the target values. Great efforts have been made by the local government to control air pollutant emissions, it is a pioneer city in China's new energy reform with low carbon emission development strategy. In order to prompt air quality improvement progress and achieve real clean and safe air, attempts should be made to adopt more stringent air quality standards.
Conclusions
The key findings in this paper derive from the fact that Shenzhen is considered a less polluted city in China, paradoxically, research has reported significant adverse impacts of air pollution on human health. In order to present the air quality status in Shenzhen, the concentrations of air pollutants from 2014 to 2017 were analyzed and compared to both national and international air quality standards, as well as interim targets and guidelines by the World Health Organization.
Our results showed the average concentrations of air pollutants in Shenzhen have met China's annual target with rare exceedances. However, the concentrations of PM and O3 are still much higher than the limits of other air quality standards. According to air quality guidelines of WHO, PM2.5 is still the primary air pollutant in Shenzhen with the highest human health risks.
The daily and annual limits for PM of national air quality standard are too loose to guide air control in Shenzhen. In order to achieve real clean and safe air, more stringent air quality standard is needed in Shenzhen. 
